The essential JIL-1 histone H3S10 kinase is a key regulator of chromatin structure that functions to maintain euchromatic domains while counteracting heterochromatization and gene silencing. In the absence of the JIL-1 kinase, two of the major heterochromatin markers H3K9me2 and HP1a spread in tandem to ectopic locations on the chromosome arms. Here we address the role of the third major heterochromatin component, the zinc-finger protein Su(var)3-7. We show that the lethality but not the chromosome morphology defects associated with the null JIL-1 phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-7 gene and that Su(var)3-7 and JIL-1 loss-of-function mutations have an antagonistic and counterbalancing effect on position-effect variegation (PEV). Furthermore, we show that in the absence of JIL-1 kinase activity, Su(var)3-7 gets redistributed and upregulated on the chromosome arms. Reducing the dose of the Su(var)3-7 gene dramatically decreases this redistribution; however, the spreading of H3K9me2 to the chromosome arms was unaffected, strongly indicating that ectopic Su(var)3-9 activity is not a direct cause of lethality. These observations suggest a model where Su(var)3-7 functions as an effector downstream of Su(var)3-9 and H3K9 dimethylation in heterochromatic spreading and gene silencing that is normally counteracted by JIL-1 kinase activity.
S U(VAR)3-9, a histone methyltransferase, Su(var)2-5, HP1a, and Su(var)3-7, a 1250-residue zinc-finger protein are all inherent components of pericentric heterochromatin (Rea et al. 2000; Eissenberg and Elgin 2000; Schotta et al. 2002; Delattre et al. 2004; Ebert et al. 2004) and are important factors for silencing of reporter genes by heterochromatic spreading in Drosophila (for review see Weiler and Wakimoto 1995; Girton and Johansen 2008) . Su(var)3-9 has been shown to catalyze most of the dimethylation of the histone H3K9 residue which in turn can promote HP1a and Su(var)3-7 recruitment (Schotta et al. 2002; Jaquet et al. 2006) . In addition, Su(var)3-9, HP1a, and Su(var)3-7 can directly interact with each other, suggesting a model where interdependent interactions between Su(var)3-9, HP1a, and Su(var)3-7 lead to heterochromatin assembly at pericentric sites (Lachner et al. 2001; Schotta et al. 2002; Elgin and Grewal 2003; Jaquet et al. 2006) . Heterochromatin formation in Drosophila is initiated early in development through active removal of H3K4 methylation by the LSD1 demethylase homolog Su(var)3-3 (Rudolph et al. 2007 ). Subsequently, a developmentally regulated balance between Su(var)3-3 H3K4 demethylase, Su(var)3-9 H3K9 methyltransferase, and RPD3 H3K9 deacetylase activity contribute to conserve the distinction between euchromatic and heterochromatic domains (Rudolph et al. 2007 ). Thus, highly complex interactions between multiple heterochromatic and euchromatic factors are likely to contribute to the regulation of a dynamic balance between the distinct chromatin environments promoting gene activity and gene silencing.
It has recently been demonstrated that activity of the essential JIL-1 histone H3S10 kinase (Jin et al. 1999; Wang et al. 2001 ) is a major regulator of chromatin structure (Deng et al. 2005; and that it functions to maintain euchromatic domains while counteracting heterochromatization and gene silencing (Ebert et al. 2004; Zhang et al. 2006; Lerach et al. 2006; Bao et al. 2007 ). In the absence of the JIL-1 kinase, the major heterochromatin markers H3K9me2 and HP1a spread in tandem to ectopic locations on the chromosome arms with the most pronounced increase on the X chromosomes Deng et al. 2007 ). However, overall levels of the H3K9me2 mark and HP1a were unchanged, suggesting that the spreading was accompanied by a redistribution that reduces the levels in pericentromeric heterochromatin. Genetic interaction assays demonstrated that the lethality as well as some of the chromosome morphology defects associated with the null JIL-1 phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-9 gene Deng et al. 2007) . This is in contrast to similar experiments performed with alleles of the Su(var)2-5 gene where no genetic interactions were detectable between JIL-1 and Su(var)2-5 Thus, these findings indicate that while Su(var)3-9 histone methyltransferase activity may be a factor in the lethality and chromatin structure perturbations associated with loss of the JIL-1 histone H3S10 kinase, these effects are likely to be uncoupled from HP1a. However, the potential role of the third major heterochromatin component, Su(var)3-7, was not addressed in these studies. Here we show that Su(var)3-7, like Su(var)3-9, genetically interacts with JIL-1, that reducing the dose of Su(var)3-7 significantly reduces the lethality of JIL-1 null mutants, and that Su(var)3-7 and JIL-1 lossof-function mutations have an antagonistic and counterbalacing effect on position-effect variegation (PEV).
MATERIALS AND METHODS
Drosophila melanogaster stocks and PEV assays: Fly stocks were maintained according to standard protocols (Roberts 1998) . Canton S was used for wild-type preparations. The JIL-1 z28 , JIL-1 z60 , and JIL-1 z2 alleles are described in Wang et al. (2001) and in Zhang et al. (2003) . The Su(var)3-7 7.1A , Su(var)3-7 14 , and Su(var)3-7 R2a8 alleles are described in Seum et al. (2002) and in Spierer et al. (2005) . The Su(var)3-9 01 and Su(var)3-9 02 stocks were obtained from the Umeå Stock Center. The hsp83 promoter-driven JIL-1-GFP transgene GF29.1 is described in Jin et al. (1999) and in Wang et al. (2001) and the hsp70 promoter-driven JIL-1-V5 transgene JIL-1-FL is described in Bao et al. (2008) . The hsp83 and hsp70 promoters are leaky and promote expression at or above wild-type levels under non-heat-shock conditions (Wang et al. 2001; Bao et al. 2008) , JIL-1 z60 Su(var)3-7
R2a8
, and JIL-1 z2 Hsp70-Gal4 chromosomes were generated as described in Ji et al. (2005) except that the Su(var)3-7 alleles were identified by a yellow reporter gene and the presence of JIL-1 z2 or JIL-1 z60 was confirmed by PCR as in Zhang et al. (2003) . The In(1)w m4 and DX1 alleles were obtained from the Bloomington Stock Center and the P-element insertion line 118E-15 was the generous gift of L. Wallrath. Balancer chromosomes and markers are described in Lindsley and Zimm (1992) .
PEV assays were performed as previously described in Lerach et al. (2006) and in Bao et al. (2007) . In short, various combinations of JIL-1, Su(var)3-7, or JIL-1 Su(var)3-7 recombinant alleles were introduced into each of the three PEV arrangements by standard crossing. To quantify the variegated phenotype, newly eclosed adults were collected, aged for 5 days at 25°, and were then sorted into different classes on the basis of the percentage of the eye that was red. Eyes from representative individuals from these crosses were photographed using an Olympus stereo microscope and a Spot digital camera (Diagnostic Instruments).
Immunohistochemistry: Polytene chromosome squash preparations were performed as in Kelley et al. (1999) using the 1-min or 5-min fixation protocol and labeled with antibody as described in Johansen et al. (2009) . The preparations were labeled with H3K9me2 pAb (Upstate Biotechnology) or with Su(var)3-7 pAb (Cleard et al. 1997) and DNA was visualized by staining with Hoechst 33258 (Molecular Probes) in PBS. The appropriate Texas Red-, TRITC-, or FITC-conjugated secondary antibodies (Cappel/ICN, Southern Biotech) were used (1:200 dilution) to visualize primary antibody labeling. The final preparations were mounted in 90% glycerol containing 0.5% n-propyl gallate. The preparations were examined using epifluorescence optics on a Zeiss Axioskop microscope and images were captured and digitized using a high-resolution Spot CCD camera. Images were imported into Photoshop where they were pseudocolored, image processed, and merged. In some images nonlinear adjustments were made to the channel with Hoechst labeling for optimal visualization of chromosomes.
RESULTS
Viability and chromosome morphology in JIL-1 and Su(var)3-7 double mutants: The seven-zinc-finger protein Su(var)3-7 is a major heterochromatic factor that interacts and cooperates with both Su(var)3-9 and HP1a at pericentric heterochromatic regions ( jaquet et al. 2006) . To determine whether Su(var)3-7, like Su(var)3-9, genetically interacts with JIL-1 in the same pathway in vivo, we explored interactions between mutant alleles of Su(var)3-7 and JIL-1 by generating double mutant individuals. Since Su(var)3-7 and JIL-1 both are located on the third chromosome, we first recombined the Su(var)3-7 14 , Su(var)3-7 7.1A
, and Su(var)3-7 R2a8 alleles onto the JIL-1 z2 chromosome. JIL-1 z2 is a null allele generated by P-element mobilization (Wang et al. 2001; Zhang et al. 2003) , whereas the Su(var)3-7 14 , Su(var)3-7 7.1A , and Su(var)3-7 R2a8 alleles were isolated by homologous recombination (Seum et al. 2002; Spierer et al. 2005) . The Su(var)3-7 14 and Su(var)3-7 R2a8 alleles behave genetically as null mutations, whereas the Su(var)3-7 7.1A allele is a strong hypomorph (Seum et al. 2002; Spierer et al. 2005) . Due to maternal effects, the homozygous Su(var)3-7 mutant flies from heterozygous parents are viable and fertile. However, in the second generation all the homozygous progeny of homozygous females die during second instar larval stages (Seum et al. 2002; H. Deng, unpublished observations /JIL-1 z2 Su(var)3-7 genotype assuming full rescue. Therefore, the reduction of Su(var)3-7 levels in these animals resulted in a .60% viability rate compared to a rate of 0% for JIL-1 z2 /JIL-1 z2 flies without the reduction in Su(var)3-7 levels (Table 1) . Similar results were obtained with crosses using the JIL-1 z60 and Su(var)3-7
R2a8 alleles (supporting information, Table  S1 ). Both males and females were rescued but the rate of rescue was higher for females than for males (Table  S2) . Interestingly, while at least some of the rescued males were fertile, all of the rescued females tested were sterile. In crosses generating double homozygous JIL-1 z2 Su(var)3-7 , rescue of viability was still observed but at a greatly reduced rate of only 16% (Table S3 ). To ensure that the JIL-1 z2 chromosome did not have a second site lethal, we performed rescue experiments with the hsp83 promoter-driven full-length JIL-1-GFP transgene, GF29.1 at 25° (Jin et al. 1999; Wang et al. 2001) . In crosses generating double homozygous GF29.1/GF29.1; JIL-1 z2 /JIL-1 z2 flies, viability was restored to 65% (Table S4) , strongly indicating that the complete lethality of JIL-1 z2 /JIL-1 z2 flies (Table 1) is not due to a second site lethal. These results were confirmed in crosses with the hsp70 promoter-driven full-length JIL-1-V5 transgene, JIL-1-FL . In these crosses, viability was restored to 54.8% at 25° (Table S5) and to 94.2% at 21° (Table S6) . Thus, these results suggest that the lethality in null JIL-1 mutant backgrounds to a substantial degree is dependent on the dose of Su(var)3-7. Furthermore, since this effect was observed with three different alleles of Su(var)3-7 it is likely to be specific to Su(var)3-7 and not to second site modifiers.
It has previously been demonstrated that a reduction in the levels of the heterochromatin factor Su(var)3-9 to a large degree can rescue the severely perturbed polytene chromosome morphology observed in null JIL-1 z2 homozygous larvae Deng et al. 2007 ). We therefore investigated whether a reduction in the dose of Su(var)3-7 would have a similar effect. For this analysis we prepared squashes of polytene chromosomes labeled with Hoechst from JIL-1 z2 homozygous null and wild-type third instar larvae and compared them with squashes from double mutant homozygous JIL-1 z2 larvae with either the Su(var)3-7 14 or the Su(var)3-7 7.1A allele. As illustrated in Figure 1 , loss of JIL-1 histone H3S10 kinase activity leads to misalignment of the interband chromatin fibrils, coiling of the chromosomes, and an increase of ectopic contacts between nonhomologous regions. This results in a shortening and folding of the chromosomes with a nonorderly intermixing of euchromatin and the compacted chromatin characteristic of banded regions (Deng et al. 2005) . The extreme of this phenotype is exhibited by the male X polytene chromosome where no remnants of coherent banded regions can be observed (Figure 1 ). However, we found that in homozygous JIL-1 z2 double mutant combinations with a reduced dosage of Su(var)3-7 there was little or no improvement in polytene chromosome morphology including that of the male X chromosome ( Figure 1 ).
Since Zhang et al. (2006) and Deng et al. (2007) have shown that ectopic Su(var)3-9 histone methyltransferase activity may be a major factor in causing the lethality and chromatin structure perturbations associated with the loss of JIL-1 H3S10 kinase activity, we explored whether a reduction in the dose of Su(var)3-7 affected the distribution of the H3K9me2 mark in JIL-1 null mutants. Polytene squashes from third instar larval salivary glands from JIL-1 and Su(var)3-7 double mutant combinations were double labeled with Hoechst and an antibody to histone H3K9me2 and compared to wildtype and JIL-1 z2 /1 heterozygous preparations ( Figure  2 ). In JIL-1 null animals histone H3K9 dimethylation is dramatically upregulated on all the chromosome arms; however, the upregulation is most pronounced on the X a In these crosses, the TM6 chromosome was identified by the Stubble marker. Consequently, the experimental genotypes could be distinguished from balanced heterozygotic flies by the absence of the Stubble marker. The expected Mendelian ratio of nonStubble to Stubble flies was 1:2 since TM6/TM6 is embryonic lethal. The percentage of expected genotypic ratios was calculated as: observed non-Stubble flies 3 300/total observed flies. z2 Su(var)3-7 14 mutant larvae. Taken together these results suggest that JIL-1 interacts with Su(var)3-7 in a genetic pathway and that Su(var)3-7 contributes to the lethality but not the disruption of chromosome morphology observed in JIL-1 loss-of-function mutants.
To determine whether the distribution of Su(var)3-7 was affected in JIL-1 null mutants, polytene chromosomes from JIL-1 and Su(var)3-7 double mutant combinations were double labeled with Hoechst and an antibody to Su(var)3-7 (Cleard et al. 1997 ) and compared to wild-type preparations (Figure 3) . In wild-type polytene chromosomes, Su(var)3-7 is predominantly located to the chromocenter and the fourth chromosome (Cleard et al. 1997) ; however, in the absence of JIL-1 the labeling of the chromosome arms is dramatically upregulated in conjunction with a reduced presence at the chromocenter (Figure 3) . In contrast to the redistribution of HP1a and H3K9me2 where the upregulation is most pronounced on the X chromosome Deng et al. 2007 ), we did not observe a difference in Su(var)3-7 levels between the X chromosome and the autosomes in the JIL-1 null background (Figure 3 ). In JIL-1 z2 Su(var)3-7 14 /JIL-1 z2 mutant larvae Su(var)3-7 labeling was substantially reduced at the chromocenter with very little Su(var)3-7 detectable on the chromosome arms (Figure 3 ). For comparison we also labeled polytene chromosomes heterozygous for the Su(var)3-9 null alleles Su(var)3-9 01 and Su(var) Figure 3 shows that the binding of Su(var)3-7 is greatly reduced at the chromocenter without any spreading to the chromosome arms ( Figure  3 ). This reduced binding pattern in the Su(var)3-9 null background is similar to that previous reported for the other major heterochromatin component HP1a (Schotta et al. 2002) . Taken together these results suggest that the distribution pattern of Su(var)3-7 is dependent on both Su(var)3-9 and JIL-1 levels and/or activity.
JIL-1 and Su(var)3-7 counteract each other's effect on PEV: PEV in Drosophila occurs when euchromatic genes are transcriptionally silenced as a result of their placement in or near heterochromatin (reviewed in Girton and Johansen 2008) . Repression typically occurs in only a subset of cells and can be heritable, leading to mosaic patterns of gene expression. It has been demonstrated that loss-of-function JIL-1 alleles can act as enhancers of PEV, resulting in increased silencing of gene expression , whereas loci for structural components of heterochromation such as Su(var)3-9, Su(var)2-5, and Su(var)3-7 act as strong haplosuppressors (Eissenberg et al. 1990; Reuter et al. 1990; Tschiersch et al. 1994) . This together with the finding that JIL-1 and Su(var)3-7 interact genetically suggest that JIL-1 and Su(var)3-7 may potentially have a counterbalancing effect on the regulation of PEV. To test this hypothesis we explored the effect of various combinations of loss-of-function alleles of JIL-1 and Su(var)3-7 on PEV caused by both Pelement insertions of reporter genes (118E-15 and DX1) as well as of a chromosome rearrangement (w m4 ). 118E-15: Insertion of the P element (P[hsp26-pt, hsp70-w]) into euchromatic sites results in a uniform red eye phenotype, whereas insertion into a known heterochromatin region of the fourth chromosome (line 118E-15) results in a variegating eye phenotype (Figure 4 and (z2/z2) mutant chromosomes as compared to wild type (wt). The male X chromosome (X) was particularly affected and no remnants of banded regions were discernible. In JIL-1 and Su(var)3-7 double mutant backgrounds from male and female JIL-1 z2 Su(var)3-7 /JIL-1 z60 double mutant background. The JIL-1 z60 allele is a strong hypomorph producing only 0.3% of wild-type JIL-1 protein levels (Wang et al. 2001; Zhang et al. 2003) . The JIL-1 z2 /JIL-1 z60 heteroallelic combination is semilethal and only a limited number of eclosed animals from large-scale crosses could be analyzed (Zhang et al. 2003) . Flies from each of the different genotypes were scored for the percentage of the eye that had red ommatidia and compared to flies containing wild-type levels of the JIL-1 and Su(var)3-7 proteins (Figure 4 and Table S3 ). Although both male and female flies were scored, due to sex differences, only results from male flies are shown. However, the trend observed in female flies was identical to that in male flies. As illustrated in Figure 4 the hypomorphic allelic combination of the JIL-1 alleles JIL-1 z60 and JIL-1 z2 leads to a strong enhancement of PEV as indicated by the nearly completely white eye phenotype, whereas in contrast, the heterozygous Su(var)3-7 ) larvae are shown. In wild-type and JIL-1 z2 /1 preparations, H3K9me2 labeling was mainly localized to and abundant at the chromocenter; however, in the absence of the JIL-1 kinase, the H3K9me2 labeling spread to the autosomes and particularly to the X chromosome (see also Zhang et al. 2006; Deng et al. 2007 ). In /JIL-1 z60 double mutant background variegation of the proportion of red ommatitidia was substantially restored and closer to the distribution when wild-type levels of the JIL-1 and Su(var)3-7 proteins were present ( Figure 4 and Table S7 ). w m4 : The In(1)w m4 X chromosome contains an inversion that juxtaposes the euchromatic white gene and heterochromatic sequences adjacent to the centromere (Muller 1930; Schultz 1936) . The resulting somatic variegation of w m4 expression occurs in clonal patches in the eye, reflecting heterochromatic spreading from the inversion breakpoint that silences w m4 expression in the white patches and euchromatic packaging of the w gene in those patches that appear red (reviewed in Grewal and Elgin 2002) . Studies of this effect suggest that the degree of spreading may depend on the amount of heterochromatic factors at the breakpoint (reviewed in Weiler and Wakimoto 1995; Girton and Johansen 2008) . Interestingly, strong hypomorphic combinations of JIL-1 alleles, in which heterochromatic factors spread to ectopic locations Deng et al. 2007) , act as suppressors not enhancers of PEV of the ) larvae are shown. In wild-type preparations, Su(var)3-7 labeling was mainly localized to and abundant at the chromocenter; however, in the absence of the JIL-1 kinase, the Su(var)3-7 labeling spread to the chromosome arms with a concomitant decrease at the chromocenter. In JIL-1 z2 Su(var)3-7 14 /JIL-1 z2 and Su(var)3-9 01 /Su(var)3-9 02 mutant larvae Su(var)3-7 labeling was greatly reduced and mainly confined to the chromocenter. /JIL-1 z60 (z2, 3-7 7.1A /z60) male flies homozygous for 118E-15. w m4 allele . On the basis of these findings, Lerach et al. (2006) proposed a model where the suppression of PEV of w m4 in strong JIL-1 hypomorphic backgrounds is due to a reduction in the level of heterochromatic factors at the pericentromeric heterochromatin near the inversion breakpoint site that reduces its potential for heterochromatic spreading and silencing. However, as illustrated in Figure 2 , in heterozygous preparations of the null JIL-1 z2 allele both chromosome morphology and H3K9me2 distribution are indistinguishable from wild-type preparations. Therefore, a prediction of the model of Lerach et al. (2006) is that JIL-1 should have no effect or act as a haploenhancer of PEV at the w m4 allele. To test this hypothesis, the In(1)w m4 chromosome was crossed into different heterozygous JIL-1 mutant backgrounds of hypomorphic and null JIL-1 alleles (JIL-1 z28 , JIL-1 z60 , and JIL-1 z2 ). The JIL-1 z28 allele is a weak hypomorph producing 45% the normal level of wild-type JIL-1 protein (Zhang et al. 2003) . The strong hypomorphic JIL-1 z2 / JIL-1 z60 heteroallelic combination was included for comparison. Male flies with the different genotypes were scored for the percentage of the eye that was red and variegated w m4 ; 1/1 flies containing wild-type levels of JIL-1 protein were used as controls ( Table 2 ). As shown in Table 2 , all three heterozygous JIL-1 alleles reduced the proportion of red ommatidia as compared to 1/1 flies, whereas the strong hypomorphic JIL-1 z2 / JIL-1 z60 heteroallelic combination resulted in completely red eyes. Thus, these results strongly indicate that JIL-1 acts as a haploenhancer of PEV of w m4 in male flies. To test whether a heterozygous JIL-1 allele could counterbalance the suppression of a Su(var)3-7 hypomorphic allele of PEV of w m4 , we performed experiments similar to those described above for 118E-15. In the experiments, the In(1)w m4 chromosome was crossed into JIL-1 z2 /1 and Su(var)3-7 7.1A /1 mutant backgrounds as well as into the JIL-1 z2 Su(var)3-7
7.1A /1 double mutant background. As illustrated in Figure 5 , heterozygous JIL-1 z2 /1 led to enhancement of PEV as indicated by the increased proportion of white ommatidia, whereas in contrast, the heterozygous Su(var)3-7 7.1A /1 allele led to suppression of PEV as indicated by an increase of the proportion of red ommatidia. However, in the JIL-1 z2 Su(var)3-7 7.1A /1 double mutant background, variegation of the proportion of red ommatitidia was intermediate and closer to the distribution when wild-type levels of the JIL-1 and Su(var)3-7 proteins were present ( Figure 5 and Table S7 ). These results suggest that the haploenhancer effect of JIL-1 can counterbalance the haplosupressor effect of Su(var)3-7 on PEV of w m4
. DX1: We also tested the counterbalancing effect of JIL-1 and Su(var)3-7 alleles on PEV of the DX1 transgenic line. In the DX1 line, seven tandem copies of the p[lacW] transgene, which contains a mini-white and a lacZ gene, were inserted into the 50C euchromatic region of the second chromosome (Dorer and Henikoff 1994) . The tandem sequence repetition induces heterochromatin formation resulting in partial silencing of the mini-white reporter and a variegated eye phenotype (Dorer and Henikoff 1994) . In the experiments, the DX1 reporter line was crossed into JIL-1 z2 /1 and Su(var)3-7 14 /1 mutant backgrounds as well as into the JIL-1 z2 Su(var)3-7 14 /1 double mutant background. As illustrated in Figure 6 , heterozygous JIL-1 z2 /1 led to strong enhancement of PEV as indicated by the increased proportion of white ommatidia, whereas in contrast, the heterozygous Su(var)3-7 14 /1 allele led to suppression of PEV as indicated by an increase of the proportion of red ommatidia. However, in the JIL-1 z2 Su(var)3-7 14 /1 double mutant background, variegation of the proportion of red ommatitidia was intermediate and closer to the distribution when wild-type levels of the JIL-1 and Su(var)3-7 proteins were present ( Figure 6 and Table  S7 ). These results suggest that the haploenhancer effect of JIL-1 also can counterbalance the haplosupressor effect of Su(var)3-7 on PEV of the DX1 transgenic insertion line.
DISCUSSION
While Su(var)3-9, Su(var)3-7, and HP1a reciprocal interactions are well documented at pericentric regions (Schotta et al. 2002; Greil et al. 2003; Danzer and Wallrath 2004) they are not universal. For example, HP1 binding on the fourth chromosome has been shown to be independent of Su(var)3-9 (Schotta et al. 2002) , and Danzer and Wallrath (2004) using a tethering system to recruit HP1a to euchromatic sites have shown that HP1a-mediated silencing can operate in a Su(var)3-9-independent manner. Moreover, Deng et al. (2007) have provided evidence that at least two different molecular mechanisms regulate Su(var)3-9 localization, one dependent on HP1 and one dependent on the JIL-1 kinase. These findings indicate that although Su(var)3-9, Su(var)3-7, and HP1a cooperate in heterochromatin formation and gene silencing at pericentric chromosome sites, they may function independently at other regions such as the chromosome arms. In this study we show that the lethality but not the chromosome morphology defects associated with the null JIL-1 phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-7 gene. This effect was observed with three different alleles of Su(var)3-7, strongly suggesting it is likely to be specific to Su(var)3-7 and not to second site modifiers. Furthermore, we provide evidence that JIL-1 levels and/or activity regulate the chromosome localization of Su(var)3-7 and that Su(var)3-7 levels are dramatically redistributed to the chromosome arms in conjunction with a reduced presence at the chromocenter in the absence of JIL-1.
Previously, it has been demonstrated that JIL-1 genetically interacts with Su(var)3-9 but not with Su(var)2-5, suggesting that the lethality and disruption of chromosome morphology observed when JIL-1 levels are decreased are associated with ectopic Su(var)3-9 activity on the chromosomal arms and unrelated to HP1a recruitment . In this scenario, the spreading of the H3K9me2 mark to ectopic locations on the chromosomes is likely to lead to heterochromatization and repression of gene expression at these sites, leading to increased lethality Deng et al. 2007 ). This hypothesis has been supported by genetic interaction assays that demonstrated that the lethality of JIL-1 null mutants could be almost completely rescued by a reduction in Su(var)3-9 dosage that prevented ectopic dimethylation of histone H3K9 . However, in this study we show that while reducing the dose of Su(var)3-7 also rescues viability of JIL-1 null mutant larvae, H3K9me2 in polytene squashes still spreads to the chromosome arms, strongly indicating that ectopic Su(var)3-9 activity is not a direct cause of lethality, but rather that Su(var)3-9-mediated recruitment of Su(var)3-7 is a necessary factor. Futhermore, since viability was rescued despite no obvious improvement in chromosome morphology, the lethality caused by loss of JIL-1 function is not likely to be a consequence of perturbed chromosome morphology. Taken together these observations give rise to a model where Su(var)3-7 functions as an effector downstream of Su(var)3-9 and H3K9 dimethylation in heterochromatic spreading and gene silencing that is normally counteracted by JIL-1 kinase activity. How Su(var)3-7 may mediate these effects is unknown and will require additional studies.
The inherent components of heterochromatin Su(var)3-9, HP1a, and Su(var)3-7 display a haplosuppressor/triploenhancer dosage-dependent effect on PEV (Schotta et al. 2002) . Additional copies of all three genes cause strong enhancement of white variegation in w m4 , and in genetic interaction tests, the suppressor effect of Su(var)3-9 null mutations dominates the triplodependent enhancer effect of Su(var)2-5) and Su(var)3-7 (Schotta et al. 2002) . Furthermore, it has been recently demonstrated that the gain-of-function JIL-1 Su(var)3-1 allele is one of the strongest suppressors of PEV so far described at all the PEV arrangements that have been tested (Ebert et al. 2004; Lerach et al. 2006; Bao et al. 2007 ). This allele even counteracts gene repression that is caused by overexpression of the major determinants of heterochromatin formation, e.g., Su(var)3-9, Su(var)2-5, and Su(var)3-7 (Ebert et al. 2004 ). The JIL-1 Su(var)3-1 allele generates truncated proteins with COOH-terminal deletions that mislocalize to ectopic chromatin sites, leading to expanded histone H3S10 phosphorylation (Ebert et al. 2004; Zhang et al. 2006; Bao et al. 2008) . On the basis of these findings, Ebert et al. (2004) proposed a model for a dynamic balance between euchromatin and heterochromatin, where as can be monitored in PEV arrangements, the boundary between these two states is determined by antagonistic functions of euchromatic regulators (JIL-1) and the determinants of heterochromatin assembly. In this study we have further tested this hypothesis using JIL-1 loss-of-function alleles which we show can act as haploenhancers of PEV. This included PEV of the w m4 allele where, interestingly, combinations of strong hypomorphic JIL-1 alleles act as suppressors, not enhancers. Lerach et al. (2006) have proposed that this is due to a reduction in the levels of heterochromatic factors near the inversion breakpoint that reduces its potential for heterochromatic spreading and silencing (reviewed in Girton and Johansen 2008) . As predicted by this hypothesis we show that in chromosome squash preparations from JIL z2 /1 larvae there was no discernible redistribution of the H3K9me2 heterochromatic mark. We further demonstrate that JIL-1 and Su(var)3-7 alleles can counteract each other's effect on PEV. In all three PEV arrangements tested, Su(var)3-7 loss-of-function alleles acted as strong haplosuppressors as indicated by a high proportion of nearly completely red eyes, whereas JIL-1 loss-of-function alleles acted as strong haploenhancers as indicated by a high proportion of flies with nearly completely white ommatidia. However, in double mutant backgrounds, variegation of the proportion of red ommatidia was substantively restored and closer to the distribution when wild-type levels of JIL-1 and Su(var)3-7 proteins were present. These results strongly support a genetic interaction between JIL-1 and Su(var)3-7 and provide evidence that a finely tuned balance between the levels of JIL-1 and Su(var)3-7 contributes to the regulation of PEV.
While several potential mechanisms for heterochromatin spreading and gene silencing have been identified (reviewed in Girton and Johansen 2008) , the concept of a dynamic balance between euchromatin and heterochromatin implies that euchromatic factors may have similar spreading potential. However, the mechanisms that actively may lead to the expansion of euchromatic domains have received comparatively less attention. In Drosophila, the studies of the JIL-1 kinase have demonstrated that histone H3S10 phosphorylation is an important epigenetic modification potentially regulating both the establishment and maintenance of euchromatin (reviewed in Johansen and Johansen 2006) . For example, Deng et al. (2008) have shown using a LacI tethering system, that JIL-1-mediated ectopic H3S10 phosphorylation can cause a change in higher-order chromatin structure from a condensed heterochromatin-like state to a more open euchromatic state. Thus, spreading of JIL-1 activity has the potential to expand euchromatic domains and counteract gene silencing in heterochromatic regions. However, while it has been shown that the COOH-terminal region of JIL-1 can directly interact with the histone H3 tail region , it remains to be established how JIL-1 targeting to specific chromatin regions is regulated and how dynamic this regulation is.
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